I. INTRODUCTION
he relationship between small voltage fluctuation, or voltage flicker, and the actual lumen variation, or lamp flicker, is well known throughout the power quality community. A significant amount of research is being, and has been, done to determine how voltage flicker affects different lighting technologies and to find methods to decouple voltage fluctuations from lamp flicker. At present, the two most common residential lighting technologies, incandescent and compact florescent, are both susceptible to lamp flicker caused by voltage fluctuations. So much so, as to warrant the term "flicker" to refer to both the cause, voltage "flicker," and the effect, lamp "flicker."
In the residential setting in the United States, the most perceivable flicker events are generally not a distribution level voltage variation, but a low voltage, localized voltage fluctuation caused by the load equipment within the residence itself, usually the air conditioning or heat pump compressor motor. The typical single-phase compressor motor draws a significant amount of starting or inrush current, on average approximately five times the normal operating current. Depending on the characteristics of the electric utility's distribution system, the size of the step-down transformer and secondary conductors used, the voltage drop, or voltage flicker, seen in the residence due to the compressor inrush current can be substantial. Fig. 1 illustrates an example inrush current of a starting heat pump compressor, approximately 105 A RMS , along with the subsequent voltage drop. There is much contention between heating ventilation and air conditioning (HVAC) manufacturers and electric utilities as to who is to blame for the apparent voltage flicker [1] . However, it is generally the utilities that hear complaints about voltage flicker from customers because it is a perceived problem with their service. The ability of utilities to address this problem is relatively limited, as the only solutions to aid flicker mitigation are: installing lower impedance transformers, replacing the secondary conductors and/or installing one of the commercially-available flicker/start-assist devices, none of which may completely eliminate the problem.
A difficult issue for utilities is how to address the voltage flicker events caused by compressor starting events using the current flicker standards. Neither the "GE Curve" nor the IEC method, adopted in IEEE Std 1453-2004, completely address the situation of momentary, non-repetitive voltage flicker [2, 3] . With the goal of this research being to completely eliminate any visible flicker due to the starting events, the question which arises is how much correction in the voltage fluctuation is required so that the flicker would become imperceptible to the human eye. 
T
The authors conducted a small human factors study to determine the where the actual threshold of perception was for a single compressor starting event. With a standard 60 W incandescent bulb, a two-alternative, forced choice procedure was implemented using two-up/one-down staircase method with five reversals for determining the visibility threshold [4] . With four participants, and voltage drop durations of 5 and 10 cycles (60 Hz), the visible threshold was found to be roughly a 1 % voltage drop over the event length. This test also showed that voltage drops as low as 3 % over a 5 cycle period (60 Hz) were easily visible to the trained eye [4] .
Using this human factors test as guidance, the target for the Voltage Flicker Suppressor (VFS) is to correct the voltage flicker to within 99 % of the nominal pre-start voltage (i.e., keep the voltage variation less than 1%) and thus eliminate any visible flicker for the consumer.
A. Existing Technology
Since the voltage drop caused by compressor inrush current is relatively common and may have adverse affects on compressor life, there are available technologies on the market to help address the problem. However, these technologies focus on either shortening the starting event duration or decreasing the inrush current of the compressor motor and do not directly address the actual voltage flicker issue.
The typical first resort solution to reduce the voltage flicker is to install a torque assist device (TAD) in order to increase the compressor's starting torque. A TAD generally involves some sort of timed or thermal relay and a large motor starting capacitor in series with the auxiliary winding of the motor, essentially connected in parallel with the existing start capacitor.
The goal of a TAD is to increase the starting torque in order to increase the acceleration and thus reduce the compressor starting time. The TAD does not typically reduce the starting current, and thus the effective voltage drop is still present -it just does not last as long. In many circumstances, the reduced starting time is enough to mitigate the perceived voltage flicker by the consumer, but not always.
Another device, recently made available on the commercial market in the USA, is the Sure Start 6 by Hyper Engineering. This device is designed to meet the maximum inrush current limits set by several governing authorities throughout the world. The device is able to substantially limit the inrush current for permanent split capacitance motors (PSCM) up to 6 Hp (4.5 kW). While the Sure-Start 6 is able to greatly reduce the inrush current and will most likely perform well in most installations, it does not have any specific voltage drop specifications [5] .
II. THE VOLTAGE FLICKER SUPPRESSION DEVICE
The design goal of VFS was to create a nearly universal, non-intrusive device capable of eliminating the voltage flicker caused by inrush current. The VFS achieves this by using adjustable shunt capacitance to manipulate the apparent current draw by the compressor and thus control the voltage at the terminals of the device during a motor starting event to within 1% of the pre-start nominal voltage.
Because the breaker panel is the point of common coupling (PCC) for the rest of the residence, it is the desired point of voltage flicker correction as all other circuits originate from this single node. In Fig. 2 , the typical electrical location of the VFS with respect to the compressor and the circuit breaker panel (PCC) is shown. The ideal location of the VFS installation is at the breaker panel, as the VFS would be able to directly measure the voltage flicker at the PCC. However, in retrofit applications this is difficult to do, and the most convenient physical instillation point is located outside next to compressor and, in the USA, the National Electric Code (NEC)-required switch "disconnect." This requires the VFS to estimate the voltage drop of the branch circuit impedance with a procedure discussed later.
The VFS is truly a non-intrusive device and does not require opening or tampering with existing equipment. The only requirement is that the VFS be able to measure the branch circuit current to the air conditioner or heat pump. Typically, the VFS would be installed on the same branch circuit as the air conditioner or heat pump, as this circuit is rated to carry the possible additional current load of the VFS, but this is not required.
A. Shunt Capacitor Flicker Compensation
Using shunt capacitance to correct for voltage drop is common practice in distribution systems where capacitors are used for power factor correction. While the desired interaction of the VFS is similar to that of power factor correction, the VFS does not necessarily correct the power factor.
The VFS utilizes relatively large amounts of capacitance to effectively change the inherently lagging compressor starting current into a leading starting current from the prospective of the equivalent system. By drawing a leading current through the inductive impedance of the equivalent system, a voltage rise is created across the inductive elements in the equivalent system. Thus, given enough capacitance, it is possible to compensate for the entire voltage drop as long as the equivalent impedance is relatively inductive in nature.
This interaction is shown in Fig. 3 , where an assumed equivalent circuit is used in conjunction with a calculated start impedance of an actual 4 Ton (14 kW) HVAC unit. The voltage drop of the compressor is roughly 7% and the capacitance required to compensate the voltage drop to 2% and 0% is 2400 μF and 3000 µF respectively on a 240V, 60 Hz system. The locus of compensated voltage versus capacitance is also shown for reference. Extensive calculations were performed with data collected by the authors, as well as data from [1] , in order to determine exactly how much capacitance would be required for desired a compensation level and the approximate equivalent system at actual locations [4] .
These calculations provide evidence that, with the worst compressor starting impedance and the highest calculated equivalent circuit impedance, roughly 4500 µF would be sufficient in most situations to provide a compensation of the voltage drop to within 1% of the nominal pre-start voltage. The calculations also indicate that a capacitance step size of 300 µF would yield a decent resolution in terms of change in voltage drop versus change in capacitance [4] . Thus the VFS was designed for a desired capacitance of 4500 µF with 300 µF increments. Fig. 4 illustrates the basic functional schematic of the VFS with six distinct operating elements: capacitors, capacitor switches, a potential transformer, a current transformer, a microprocessor, and a DC power supply. Based on the maximum correction capacitance of 4500 µF in increments of 300 µF, the capacitors of the VFS are arranged into stages, with four full stages of 900 µF each, and two "fine-tune" stages of 300 µF and 600 µF.
B. VFS Hardware Design
Because of the amount of capacitance required and an operating voltage of 240 V AC , the only suitable capacitor technology in terms of cost and size are non-polarized electrolytic capacitors. These capacitors, typically used for motor starting applications, are commercially available in sizes up to 300 µF and have an associated duty cycle less than that of the compressor starting events.
Since 300 µF would require 15 capacitors (cans) to meet the desired capacitance, a small batch of 900 µF non-polarized electrolytic capacitors were developed and provided by Cornell Dubilier Electronics, Inc. These capacitors are essentially larger versions of the commercially available ones, with a radius of merely 1.5 times that of the 300 µF model. This helped greatly reduce the enclosure size for the VFS.
The switch design used for each capacitor stage is identical. The power switch consists of a 40 A, 400 V power TRIAC used for switching in and out each capacitor stage. Even though the full stages draw 81 A at 240 V, the 40 amp rated continuous current power TRIACs are sufficient as per the duty cycle associated with the compressor starting events.
Each power TRIAC is then controlled from the microcontroller via an optically isolated pilot TRIAC gate driver. Of particular importance for both the power and pilot TRIACs is their static dv/dt tolerance. During the testing phase, it was shown that the pilot TRIAC used had dv/dt issues, sometimes causing inadvertent breakover when voltage was initially applied [4] .
The potential transformer and DC power supply are both derived from the center tapped secondary of a 240V/18V stepdown transformer. Special consideration was taken to mitigate crosstalk between the two secondary windings with respect to the transient power drawn for biasing of the optically isolated pilot TRIACs. 
▀▀ ▀▀
diodes to improve zero cross distortion on the measurement. A similar setup is used for the CT, where the secondary is rectified into the burden resistor [4] . The CT is situated such that only current to the compressor is measured. With the VFS installed as shown, the HVAC unit is able to operate unaffected if the VFS is offline or inoperable.
C. VFS Control Strategy
The VFS control strategy can be broken down into two distinct parts, online control and offline adjustments. The online controller continuously monitors the terminal voltage and compressor current, determines if the compressor is starting, and performs capacitance insertion and removal. The offline control is used to adjust and store the amount of capacitance needed, as well as enforce a certain duty cycle to meet the requirements of both the capacitors and power TRIACs. Fig. 5 demonstrates the basic flow of control process.
The online control continuously calculates the half-cycle average voltage while waiting for an instantaneous trigger current threshold to be met. The instantaneous trigger current is set to 70 A in order to accommodate a HVAC unit with up to 10 kW of electric heat included [4] . The basic operation consists of waiting for the compressor to start and recognizing the trigger current. Then, because the capacitors are maintained at zero voltage unless switched on, the controller waits until the next zero crossing of the voltage to turn on the power TRIACs, limiting the possibility of creating a capacitor switching transient. This means that, in the worst case scenario, a single half-cycle of voltage dip is required before compensation begins.
After the capacitors have been inserted into the circuit, the controller then waits for the terminal voltage to rise above the nominal pre-start voltage. This voltage rise indicates that the compressor inrush current is decaying and the end of the starting event is approaching. This is when the controller enters into a staged removal process.
The staged removal process is specifically designed to mimic the decay of the typical inrush current waveform. As the inrush current begins to decay, the terminal voltage will begin to rise, causing a slight overvoltage. The staged removal process then removes the capacitor stages in order from smallest to largest according to the required compensation. The threshold overvoltage is set to 100.5 % of the initial prestart voltage. Fig. 6 demonstrates the advantages of the staged removal process versus one single removal process. It is clear that one single removal process would create a large discontinuity in the overall voltage waveform (the voltage would drop from 101% to 96.5%), whereas, by staging it, the removal process is less susceptible to large voltage swings and kept between 101% and 99%. To prevent a possible latch-up, all stages are removed after 30 full cycles regardless of voltage level.
Nevertheless, as will be seen in lab testing, there will be a slight overvoltage seen during the removal process lasting up to a maximum of 2.5 cycles depending on the compensation level. This slight swell does not cause a visible lamp brightness change. Similarly, laboratory testing shows that the addition of a TAD to the compressor will also increase this overvoltage as the compressor current decay tends to be more abrupt. The offline adjustments are made after the final stage is removed and the online control is halted. Only after the compressor shuts off and the current goes to zero does the VFS return to online control and wait for the next trigger.
The stage tuning control uses the amount of capacitance inserted on the last run and the compensated voltage level to determine if more or less capacitance is required for the next compressor start. There is some acceleration built into this process. If the compensated voltage is under 3% of the desired, a full stage (900 µF) is added; else the capacitance is added in increments of 300 µF.
▀▀ ▀▀
Because of the electrical location of the VFS, another factor is added into the stage tuning control to account for the voltage drop across the branch impedance circuit. To account for this voltage drop and correctly compensate the voltage at the PCC, a set of dip switches is used to set an interval of assumed voltage drop along the branch circuit.
The process of selecting the correct assumed voltage drop is rather simple. The VFS terminal voltage is measured with a handheld multimeter with both the HVAC unit running and not running to find the steady state voltage drop. This is then scaled by the ratio of the compressor nameplate ratings for LRA to FLA (locked-rotor amperes to full-load amperes) to get the estimated starting voltage drop for the VFS [4] . If the conductor size and approximate length are known, the starting voltage drop can also be directly calculated.
III. DEVICE TESTING AND PERFORMANCE
The main overall goal of the VFS is to compensate the PCC voltage (at the circuit breaker panel) to within 1% of nominal voltage during the compressor starting event. As mentioned in the previous section, a slight, but inconsequential, precompensation undervoltage and post-compensation overvoltage exists due to the nature of the device and control strategies.
In order to easily determine and assess the device's performance during a compressor starting event, the RMS voltage and current waveforms are analyzed. The RMS waveforms are calculated with a continuous, full-cycle, moving window RMS based upon the actual waveforms captured with an oscilloscope. While this is the most convenient method to view the data, it is not without some limitations. The main issue with this calculation is that halfcycle events tend to appear longer in time than they actually are. This is due to the full-cycle window capturing the halfcycle event for what appears to be 1.5 cycles. Fig. 7 illustrates a VFS compensated compressor starting event. The actual waveform is rectified and then overlaid with the calculated RMS waveform to demonstrate the exaggeration the RMS calculation involves. Notice that the initial half-cycle voltage drop appears to be relatively long on the RMS waveform, when it is in reality only momentary. 
A. Laboratory Testing
A laboratory test setup was created to mimic an equivalent system as seen in the field. A 37.5 kVA, 480V/240V, 6.5% impedance transformer was used to step-down the laboratory's 480V bus. The 240V center tapped secondary was fed into a standard residential 40 A, 240 V circuit breaker which was designated as the PCC.
Calculations showed that the average line to line impedance at the PCC was 0.062 + j0.094 ohms, yielding a bolted fault current of just over 2 kA. Depending on the test performed, the VFS was either connected directly to the PCC or 16 feet (5 m) of #14 AWG (2.1 mm 2 ) was inserted between the VFS and the PCC. This was done to simulate a branch circuit impedance similar to that of 100 feet (30.5 m) of #6 AWG (13.3 mm 2 ), assuming a negligible X/R ratio for both conductor types.
(This wire size is typical for air conditioner/heat pump installations of this size in the US.) Laboratory testing consisted of three different HVAC units: a 2.5 Ton (8.75 kW), scroll compressor package unit; a 4 Ton (14 kW), scroll compressor split system unit; and a 5 Ton (17.5 kW), piston compressor, two-stage, split system unit with a factory-equipped TAD. Each unit was extensively tested in all operation modes for comparison with and without the VFS to ensure performance of the VFS over a large variety of units.
To illustrate the performance of the VFS, the laboratory test results for the 2.5 Ton HVAC unit are shown. The following waveforms, shown in Figs. 8-11 , demonstrate the tuning process of the VFS, as well as the repeatability of successful compensation, when the VFS is connected directly to the PCC. The baseline test of no compensation is shown in the upper plot, along with the first four runs required to tune the VFS. The lower plot shows the next four consecutive runs of the VFS after the tuning process. The feeder current, Fig. 11 , initially drops as capacitance is added because the overall power factor is initially improved. However, by the fourth run, the feeder current has risen to the same level as the baseline current and the combined power factor has swung to leading by this point. In the next tests, the VFS would be required to compensate for a voltage drop at an electrical location other than its own terminals. This is a requirement for a practical installation since the PCC is not likely to be the point at which the VFS is installed. For this demonstration, the estimated starting voltage drop along the branch circuit (i.e., between the PCC and the VFS location) was found to be 2% and the dip switches were set accordingly on the VFS.
Similar to the previous waveforms, the VFS was allowed to tune itself during the first four runs after the baseline and then four more runs are consecutively captured. Fig. 12 shows the voltage waveforms at the terminals of the VFS while Fig. 13 shows the voltage waveforms at the PCC.
The tuning process of the VFS is somewhat different in this set of runs than it was without the added branch circuit impedance. In the first two runs after the baseline, the VFS is using the accelerated tuning method in which a full stage is added each time. This results in over-compensation in run 2. The VFS correctly recognizes and adjusts for the overcompensation because runs 3 and 4 consecutively decrease the compensation level until the device is tuned to the correct value.
Since the equivalent circuit impedance has not changed at the PCC, the capacitance required for the correct compensation level is again 1200 µF as expected. This results in a PCC voltage that is nearly "perfect" in the four consecutive runs after tuning. 
B. Field Demonstrations
The VFS is currently undergoing its second long-term field trial at the time this paper was written. The first field demonstration lasted approximately 8 months until the VFS was removed from service for evaluation. The customer of the initial field demonstration was very pleased with the VFS operation and stated that the flicker was no longer noticeable.
The PQ meter used for the first field installation had limited storage capabilities and required manual downloads, resulting in very few events captured to demonstrate the functionality. For the second field demonstration that started December of 2009, a more modern PQ meter was installed at the PCC along with a cellular modem for remote downloads. This has greatly increased the events captured and recorded into the performance database. As of the end of May 2010, over 2000 starting events had been captured.
The second field demonstration's equivalent circuit consists of a single residence serviced by a 25 kVA, 3.4% impedance transformer with roughly a 200 foot (61 m) service drop comprised of 350 MCM (177 mm 2 ) AL underground conductors. The location has a 5 Ton (17.5 kW) HVAC unit rated at 130 A LRA (locked-rotor amperes). This created a nominal voltage drop of around 6% during starting and an obvious voltage flicker reported by the customer. An attempt to mitigate the flicker problem by installing a traditional TAD was unsuccessful. Along with the VFS, the TAD is still installed on the compressor.
The VFS was installed external to the residence, between the NEC-required switch and the compressor unit. The branch circuit voltage drop was estimated at 1% and the VFS supplies either 1800 µF or 2100 µF depending on the measured voltage of the previous run.
The first few runs of the VFS after installation are shown in Fig. 14. Two initial baseline runs were made prior to turning the VFS on and the results of the next four runs demonstrate the tuning process. The upper three waveforms represent the typical starting waveform of the VFS at this location. To better illustrate the repeatability of the VFS in this field demonstration, a histogram of all 2056 captured starting events is shown in Fig. 15 . This histogram depicts starting events grouped into bins (columns) based on the compensated voltage at the PCC of the residence during each start. The initial two baseline starts are shown, as well as the tuning run depicted in Fig. 14 (the red waveform) .
There exist two distinct peaks in the histogram that correspond to differing amounts of capacitance (1800 µF or 2100 µF) inserted by the VFS during the start. These peaks are representative of the top three starts of Fig. 14. ▀▀ ▀▀ However, even with the results of over 2000 starts meeting the desired specifications, the most important factor in this field demonstration is that the customer has reported that they have been unable to perceive any voltage flicker since the VFS was installed.
IV. CONCLUSIONS
The Voltage Flicker Suppressor (VFS) has shown that it capable of meeting the main design specification of compensating for the compressor inrush current to within 99 % of the nominal pre-start voltage. This study has demonstrated that it is possible to correct voltage fluctuations due to acrossthe-line induction motor starts using properly-sized shunt capacitors without making intrusive connections to the motordriven system (in this case, the air conditioner or heat-pump package). Additional studies and applications of the VFS are the impact of voltage correction on neighboring residences that might be connected to the same transformer, the capability of a single VFS to be used for multiple units, and other ancillary functional items such as compressor stall prevention.
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